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This study reports the results of a heavy mineral analysis of samples
from Pecan Island and associated ridges on the Louisiana Chenier Plain. The
goal of the study is to provide additional insight on the origins of the sand
comprising the ridges. Chenier plains are multi-membered, progradational
ridge-interridge mudflat sequences (Augustinus, 1989). The various suggested
sources of the sand grains include: the Mississippi River, especially the Teche
sub-delta; the Mermentau and Calcasieu Rivers; and the reworking of older
mudflat and chenier ridges.
Several liters of sand were collected from a depth of 0.5 to 2.0 meters at
locations near the crest of the ridges, on Pecan Island, Sweet Bay Ridge, and
Cane Ridge. Flank samples were collected at three locations on Pecan Island.
The samples were separated using sieves (very fine sand, 3.5-4.0φ, and coarse
silt, 4.0-4.5φ) and the heavy minerals concentrated with sodium polytungstate.
Qualitative analyses by energy dispersive X-ray analysis with grain mount on
the SEM (Scanning Electron Microscope) revealed the presence of epidote,
garnet, ilmenite, pyrobole, sphene, spinel, zircon, staurolite, kyanite, apatite,
biotite, iron oxides, chromite, corundum, dolomite, rutile, and barite.
Approximately 100 grains per sample were used to estimate percent abundance
of the heavy minerals.
MANOVA, an ANOVA that allows for testing with multiple dependent
variables was used to identify statistically significant differences in the
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abundance of the seven most common minerals (epidote, garnet, ilmenite,
pyrobole, sphene, spinel, and zircon) with respect to sample site, location on
the ridge crest, crest versus flank position (only for Pecan Island), and among
the ridges. At each level, the null hypothesis was that samples were
homogeneous. Most samples were homogeneous at the first three levels of
analysis. The three ridges contained significant differences in epidote, garnet,
pyrobole, sphene, spinel and zircon. They have distinct assemblages but the
values overlap considerably making it difficult to identify a particular ridge by
its heavy minerals. The differences in mineralogy confirm the general theory of
ridge origin from a variety of source, including past and present mudflats,




A common strict definition of a chenier is that proposed by Otvos and
Price (1979): “A chenier is a beach ridge, resting on silty or clayey deposits,
which becomes isolated from the shore deposit by a band of tidal mudflats.”
They are generally shallow accumulations of sands derived by winnowing of
coastal or fluvial mud. Longshore transport processes may also augment
chenier development. (Augustinus, 1989) In a prograding situation, a series of
ridges separated by littoral mud-rich sediments may form a chenier plain, “… a
multi-membered, progradational ridge-interridge mudflat sequence,” as defined
by Augustinus (1989). A chenier plain is a multi-cycle product of mud flat
construction followed by wave destruction to form beach ridges. Augustinus
(1989) describes the process in Bohai Bay and along the north coast of the
Yellow Sea in the following manner: “… cheniers appear to be associated with
the shifting of the Huanghe River, which sometimes discharged into the Bohai
Sea and at other times into the Yellow Sea. Progradation occurs along the
active delta and erosion occurs along the abandoned deltaic coast where
cheniers may develop.”
Cheniers originate in two environments, bayhead and bight coast (Otvos
and Price, 1979). Bayhead cheniers are associated with higher tidal ranges and
have more pronounced ridges that are developed from the impact of wave set-
up. The occurrence of bayhead cheniers and chenier plains is not limited to the
bayhead. They can develop along the flanks of the bay, as seen at the Colorado
River bayhead delta in the Gulf of California (Meldahl, 1995). Cheniers found in
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bight coast locations “develop in low to moderate wave-energy environments
along open ocean shores, which receive sufficient fine sediment from
debouching rivers” (Augustinus, 1989). There are chenier plain coastal
environments in other parts of the world, such as the coast of England (both),
Australia (both), northeastern South America (bight), Qatar (bayhead) and
China (both) (Wells, 1977, 1983; Wells and Coleman, 1981; Augustinus, 1989;
Lees, 1992; Neal et al., 2002). The majority of cheniers are located in tropical
and subtropical zones. Most chenier plains initially developed in the Holocene,
but others began in the Pleistocene as sea level rose following glacial retreat
(Gould and McFarlan, 1959). The Louisiana Chenier Plain is an example of a
bight coast chenier plain.
Ridge and mudflat development can be related to progradation and
retrogradation during a period of rising sea level. Wave action develops
cheniers by winnowing of mudflats, sorting the mudflat, and carrying the
coarser grains to the shore, forming bars or ridges. These longshore ridges are “
characterized by foreshore lamination, and a steep landward slope, showing
large scale cross bedding, built up by wash over processes” (Figure 1.1A,
Augustinus, 1989). Landward migration of ridges can occur during swells in
the mean water level. This can be due to increased wind or storm passage.
During this process the ridges can migrate landward across marsh deposits.
Augustinus (1989) stated: “The sedimentary build-up of this backshore is
characterized by a gentle landward dipping lamination, interrupted by large-
scale cross-bedded sets formed by wash over in standing water” (Figure 1.1B).
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(A) Structure of ridge created due to wave action.
(B) Structure of ridge affected by swell and wash over.
Figure 1.1 Schematic of sedimentary structure found in cheniers (adapted from
Augustinus, 1989).
During retrogradation or progradation, the amount of sediment to be
carried to the chenier plain varies. With retrogradation or relative sea level rise,
there is a decrease in sediment supply and previous ridges or deposits from the
shelf are used to create cheniers. With progradation or relative decrease in sea
level, there is an influx in sediment supply and ample materials are available to
form ridges. (Figure 1.2)  The latter are the best conditions for an accumulation
of heavy minerals in the sands. Since, in the regression stage of ridge
development there is an increase in sediment supply, there is possibly an
increase in heavy mineral deposition.
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Figure 1.2: Illustration of how retrogradation and progradation influence sand
body distribution. (adapted from Posamentier and Allen, 1999)
Louisiana Chenier Plain
General Description
Cheniers in Louisiana can be easily recognized by the presence of oak trees,
from which they get their name (chene – French for oak). The Louisiana
Chenier Plain begins approximately 150 km west of the Mississippi River delta
complex. This 200 km long coastal chenier plain consists of 1–3 m high ridges
(dark bands in Figure 1.1) containing coarse sand and shells, alternating with
marshes that represent previous progradational mudflats (Gould and
McFarlan, 1959; Penland and Suter, 1989; Draut et al., 2005).
The Louisiana Chenier Plain is divided into a western zone and an
eastern zone (Figure 1.3). The western zone includes the coastal area west of
the Calcasieu River (Figure 1.3). The eastern zone is from the Calcasieu River
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to Vermilion Bay (Taylor et al., 2002). The coast of the eastern chenier-plain is
now prograding due to sediment supply from the Atchafalaya River.
There are three types of cheniers found in southwestern Louisiana:
progradational, retrogradational, and laterally accreted. Areas of progradation
are observed near major inlets. Progradational ridges develop when sea level
rises and there is an influx of sediment (example: Cypress Point-Back Ridge, A
in Figure 1.3). Retrogradational cheniers are evident in the truncation of
previous ridges (example: Pecan Island, B in Figure 1.3). Those cheniers
experiencing lateral accretion show evidence of westward migration (example:
Grand Chenier Complex, C in Figure 1.3). The morphologic features of the
ridges in all cases are similar.
Pecan Island ridge is one of the most persistent retrogradational cheniers
located in Louisiana Chenier Plain. Sweet Bay and Cane Ridges, truncated by
the Pecan Island ridge, have a northeast-southwest trend that signals the
change in wave direction leading the development of Pecan Island.
Origin
According to Russell and Howe (1935), the Louisiana Chenier Plain
developed in the Holocene as a series of prograding mudflats that were
periodically reworked to form sand/shell ridges. Variations in the amount of
sediment carried to the region by longshore transport are responsible for
multiple stages in progradation. When sediment from the Mississippi River
6
Figure 1.3:  Distribution of cheniers in the Louisiana Chenier Plain. Inset
illustrates position of the chenier plain on the SW Louisiana coast.
Approximate location of the study area is defined by the rectangle. A= Sweet
Bay Ridge and Cane Ridge, B= Pecan Island, C= Grand Chenier. (Adapted from
Byrne et al., 1959)
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reaches the region, the coastline moves seaward due to mudflat growth. (Figure
1.2) When sediment supply dwindles, wave action creates beach ridges.
The chenier plain began to form approximately 6,000 years ago
(Coleman, 1966; Saucier, 1994) and its advance and retreat has been linked to
the position of the Mississippi River within the deltaic plain. Delta switching is
the main cause for regional chenier development as depicted in Figure 1.4. The
conditions for chenier plain development are “…abundant sediment supply, low
to moderate wave energy and land-sea stability” (Hoyt, 1969). These conditions
are generally found near the mouth of large rivers. Taylor et al. (2002) states: “
This model correlates mudflat progradation with periods of Mississippi River
discharge in the western portion of the delta plain. As the locus of discharge
shifts to the east, a significant reduction in sediment supply to the chenier
plain enables wave reworking of mudflat deposits, thus forming
retrogradational beaches” (Figure 1.4). Delta switching and chenier
development are illustrated for a switch in delta location from the west (Figure
1.4A), to the east (Figure 1.4B), back to the west, (Figure 1.4C) and back to
east (Figure 1.4D).  The repetition of this process builds a chenier plain. (Hoyt,
1969; Taylor et al. 2002)
Additional considerations for mudflat development have been suggested
by Roberts et al. (1989). The Louisiana Chenier Plain is periodically affected by
various weather systems, including cold fronts, tropical storms, and
hurricanes. Previous studies show that the passage of a cold front affects long-
term coastal sedimentary processes. The recurrence of passing cold front,
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between 20 and 30 per winter per year, impacts sediment transport, erosion,
and accretion (Roberts et al., 1989). Wave action can rework the mudflats
creating the sandy ridges. Hurricanes and tropical storms bring the sediment
from the shelf to the shoreline. Present day conditions indicate that the
switching of the delta lobe still takes part in mudflat accretion (Huh et al.,
2001).
The reworking of the chenier plain is affected by winter storm passage-
wave set-up and set-down.
1. Wave set-up is the additional elevation of sea surface height due to the
effects of transferring wave related energy into the surf zone as waves
approach the shore (Bowen et al., 1968). The level of wave set-up relies
on the beach slope, and is larger during storms by 15-30% (Aagaard and
Masselink, 1999).
2. Wave setdown is the return to normal sea surface height after the
passage of storm through the wave-generating zone. During this period,
mud can be carried to the shore for mudflat accretion.
Presently, the Atchafalaya River is depositing sediment captured from the
Red River into Atchafalaya Bay and the Gulf of Mexico (Ellwood et al., 2006).
Due to the westward drift direction the suspended load is being carried to the
eastern most Chenier Plain and this progradation has reversed centuries of
coastal retreat. Mudflat accumulation can be detected on a yearly basis.
(Roberts et al., 1989; Wells and Kemp, 1981; Roberts et al., 1997)
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Figure 1.4 As the delta switches, the sediment accumulating on the Louisiana
Chenier Plain varies. Mudflats form when the river discharge is nearby.
Sediment reworking by waves creates beach ridges when the sediment supply
is reduced. (Taylor et al., 2002)
There have been several detailed studies conducted on the development
of Louisiana chenier plains. Most hypotheses for the origin of the ridges are
based on the interpretation of grain size and shell content variations among
ridges and along their depositional strike (Gould and McFarlan, 1959; Otvos
and Price, 1979; Byrnes et al., 1995; Taylor et al., 1995; Kulp et al., 2002). The
various suggested sources of sand grains include: the Mississippi River














Mermentau and Calcasieu Rivers (Byrnes et al., 1995; Taylor et al., 1995); and
the reworking of older mudflat and cheniers (Taylor et al., 1995).
Taylor et al. (1995) reviewed the hypotheses related to the source of
sediment feeding the Louisiana Chenier Plain. In the first, he suggests that the
Mississippi River is a major contributor, but not a single source. The local
rivers, Mermentau and Calcasieu, could also be active sediment sources. In the
second hypothesis, the local rivers are suggested as the major sediment source
for the Louisiana Chenier Plain, with minor contribution from the Mississippi
River.
Research Goals
The goal of this research is to provide additional insight into the origin of
cheniers by examining the spatial, temporal and size variations in heavy
mineral abundance and chemical composition in Pecan Island Ridge and two of
the older ridges it truncates—Cane Ridge and Sweet Bay Ridge. This work was
proposed to test the hypothesis that ridges can be distinguished by their heavy
mineral content alone. These minerals provide unique ways to assess this
hypoithesis as well as to identify the original source of the mineral grains.
There are various factors controlling heavy mineral assemblages. The
geologic factors include differing sediment sources, reworking, and dissolution,
or removal of mineral grains. The effect of reworking and sediment transport
may produce unique changes in the heavy mineral content of the ridges. Other
factors affecting the outcome of this analysis include grain size (3.5-4.0φ and
4.0-4.5φ), sample site, and site position.
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The sediment found in the Louisiana Chenier Plain has been recycled
several times. Heavy minerals are one particular way for researchers to study
this problem. Heavy minerals are widely used by sedimentologists to study
diagenesis, weathering processes, provenance of clastic rocks, and
stratigraphic correlation. Many inferences can be made from heavy mineral
analysis. The apatite-tourmaline (A-Ti) index has been used to examine
chemical alteration caused by exposure to short-term extreme weathering
environments (Weltje et al., 2004). Early diagenetic minerals, i.e. iron oxides,
are suggested to mirror short-term climate changes better than sandstone.
Increased concentrations of all TiO2 polymorphs are highly suggestive of
sediment recycling. Inclusion of rare earth elements may increase weathering
resistance and provide unique signatures of provenance. (Weltje et al., 2004)
Heavy mineral analyses have been conducted on Gulf Coast sediments
since the 1930’s. The determination of heavy mineral zones in Louisiana and
Texas began as early as 1940 (Cogen, 1940; Levert, 1959; Dixon, 1963).
Bullard (1942) used heavy minerals to identify the sources for beach and river
sands in Texas. Rosen (1969) determined the heavy mineral composition of the
Citronelle Formation of the Gulf Coastal Plain.
Recently, Mange and Otvos (2005) used heavy mineral analysis to study
west-central and southwest Louisiana. The study used heavy minerals to
reconstruct sediment provenance and to map heavy mineral provinces. The
analysis showed spatial variances that defined four heavy mineral provinces. A
combination of percentage and prevalence data assisted in determining sources
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for the sediment found in sample locations. The amount of hornblende,
pyroxenes, and garnets was the common identifying characteristics of the
Prairie coastal terrace. Also, the pyroxenes found in this location possessed a
“hacksaw” feature. The “hacksaw” feature is described as angular weathering
along the edges if a mineral grain. Increased amounts of tourmaline and
epidote along with small amounts of apatite and garnet were commonly found
in the samples collected form the Red River complex. From this research, it was
concluded that the Louisiana coastal plain is covered in sediment contributed
from places throughout the Mississippi drainage basin.
Statistical methods were employed to evaluate the usefulness of heavy
mineral assemblages for distinguishing chenier ridges and mineral changes
due to reworking. Variability will be assessed with regard to grain size fraction
analyzed, sample site homogeneity, position along the crest of a ridge, location
at crest or flank of the ridge, and interridge heterogeneity. The chief statistical
method to be used was a multiple analysis of variance (MANOVA). The software
used was SYSTAT 10.2. This method is particularly useful when there are
multiple variables being tested against each other. The null hypothesis tested
assumed that the heavy mineral assemblage is homogeneous at each level of
assumed variability. Rejection of the null hypothesis provided an answer to the
following questions:
1. Do the ridges have distinctive mineral compositions?
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2. Are the heavy mineral assemblages within a ridge homogeneous or
heterogeneous?
3. Does the position of the sample sites on the crest or flank of the
ridge influence the composition?
4. Can the sources of sediment be determined?





The approximate location of the study area within the Louisiana Chenier
Plain is shown in Figure 1.1. Samples were collected from the crest of
prominent cheniers, including Pecan Island, Cypress Point (locally known as
Sweet Bay Ridge) and Cane Ridge (Figure 2.1). Additional samples were
collected from the flank of Pecan Island. Pecan Island (also known as Front
Ridge) is the youngest feature as it truncates all ridges in the area. A total of
ten locations were sampled in areas that were readily accessible.  The
approximate sample locations are indicated in Figure 2.1.
All of the samples were collected from shelly sands in each ridge. The
depth to this zone is dependent on its placement on the ridge and soil
development processes. Samples were collected from holes approximately 1
meter deep to bypass the topsoil and reach the less weathered shelly sands. A
second sample was collected for each sample site from a location approximately
two meters away from the first. This was done to evaluate sample variability at
each site, and resulted in a total of 20 individual samples being collected.
Approximately 8 liters of materials were collected at each site.
Separation Method
1. Preliminary Separation
Coarse shell fragments and vegetation were removed by sieving through
1.5φ and 2.5φ sieves. Clay-sized materials were removed by washing with
sodium phosphate tribasic (0.1wt.%), then decanting the supernatant after 16
15
minutes in a IEC#2 centrifuge at 241rpm. Very fine sand (3.25-4.0φ) to coarse
silt (4.0-4.5φ) grain size ranges were chosen for use and were separated by

















Figure 2.1 Major chenier ridges in the study area with sample collection sites
indicated. (01-03= Crest; 04-06=Flank; PI= Pecan Island; SB= Sweet Bay; CR=
Cane Ridge) (Base modified from Louisiana Department of Environmental
Quality, 2006)
minerals appear in the finer sediment fractions (Commeau et al., 1992) and
roots and shell fragments dominated the coarser fractions. Following this
procedure the samples were thoroughly rinsed with distilled water and dried for
a minimum of 12 hours in a 60° C oven.
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2. SPT Methods
Heavy minerals were separated with sodium polytungstate (SPT) liquid
(S.G. 2.8) purchased from GEOLIQUIDS, Inc. SPT was used instead of
tetrabromoethane or tribromoethane because it is easier to adjust its specific
gravity and it does not pose a serious heath hazard. Since heavy minerals are
defined as minerals with a specific gravity of 2.8 or higher (Muller, 1997), the
SPT was adjusted to S.G. 2.8 with distilled water.
Approximately 20g of the size-fractionated samples were added to 50ml
of SPT liquid in a 125ml separatory flask (Figure 2.2A) and were stirred to
spread the grains in the liquid. The grains were allowed to sit in the liquid for
6-8 hrs, or until a distinct zone of separation could be observed. The heavy
mineral grains were drained from the bottom of the flasks into funnels (Figure
2.2B) lined with WHATMAN #40 filter paper. The grains were thoroughly rinsed
with distilled water and dried for twelve (12) hours.  One extraction produced
an average of approximately 1 gram of heavy mineral grains, yielding ~250
grains. The SPT diluted by washing was recycled through evaporation to a
specific gravity higher than 2.8. The liquid was then diluted using distilled
water to bring the specific gravity down to 2.8.
Electron Microbeam Techniques
1. Preparation Technique
Approximately 50 grains from preliminary samples were mounted on a stub
and gold coated for qualitative SEM analysis.  They were used to gain




Figure 2.2 The equipment used for heavy mineral separation is illustrated
above. Samples were added to 50ml of SPT in separatory flasks (A) and the
heavy minerals collected by draining into funnels (B) lined with Whatman #40
filter paper.
Additional sample splits containing ~250 grains were prepared for quantitative
and qualitative microbeam analysis by gluing the mineral grains to a glass slide
with epoxy. After drying, the samples were polished using 0.5-micrometer
aluminum oxide and coated with carbon.
2. Imaging
         The  JEOL JSM-840A SEM in the Department of Geology and
Geophysics at Louisiana State University was used to produce secondary
electron images of the samples. The glass slides containing polished samples
were attached to a slide holder using conductive graphite. Working with an
accelerating voltage of 20KV and a working distance of 14mm, the images were
collected at 40x magnification for each sample. This produced a map (Figure
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2.3) that permitted easy identification of mineral grains during and after
chemical analysis. (Pooley, 2004) The gray areas on the image are the
individual grains. Bright spots on the grains are due to charging. These areas
develop when a spot isn’t fully coated. The maps were also used to observe
shape and surface weathering patterns in minerals for comparison.
3. X-Ray Mapping
It is possible to map the elements found in an SEM image by using
characteristic X-rays generated by the electron beam (Whittington, 2006). The
detector collects X-Rays, and stores the counts at 14ms intervals every 0.5-1
micrometer on a line-by-line basis forming a grid pattern. The counts are
converted to pixel brightness thus forming a series of dots representing the
quantity of a given element. An image is formed that is parallel to the SEM
image, except it is formed by the X-rays emitted.
Higher quantities of an element are represented by very bright dots and lower
percentages are represented in darker shades of gray or black. Individual maps
were generated for the following elements: Si, Ca, Ti, Zr, Mg, Mn, Al, K, Ba, Ce,
and Na. A typical Ti distribution map is illustrated in Figure 2.4. Clusters of
bright dots are indicative of TiO2 or ilmenite grains. A correlation of elemental
maps with SE images allowed for preliminary grain identification.
4. Qualitative Mineral Analysis by EDS
Energy dispersive X-ray spectrometry (EDS) was used to produce a qualitative
identification of ~100 grains in each sample. Identifications were accomplished
by determining the elements present in a grain and their relative peak heights.
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The peak heights are indicative of the elemental abundances in the mineral. A
typical result for an ilmenite grain reveals peaks due to O, Ti, and Fe (Figure
2.5) with relative intensities of 22, 100 and 57, respectively. Ilmenite grains
always produce an X-ray spectrum similar to that illustrated in this figure.
Figure 2.3    Typical grain map of sample PI04(B)-Fine created by secondary
electron imaging in the SEM.
To make identification easier, the peak intensities were broken into three
relative peak height groups. Peaks ranging from 50-100% of the highest peak
are indicated by XXX. Secondary peaks that are 10-50% of the highest peak
are indicated by XX in the table. Minor elemental peak heights of less than
10% are indicated by X. The heavy minerals identified according to elemental
peak combinations are listed in Table 2.1. Thus, apatite is recognized by a
20
Figure 2.4 Ti K-alpha map of heavy mineral grain mount. Brightness is






















Figure 2.5 EDS spectrum of ilmenite (Ti- titanium, Fe= iron, O=oxygen; Kα
and Kβ = sum peaks).
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strong Ca peak and moderate P peak. Barite has strong Ba and S peaks while
strong Si, Fe, and Mg peaks with moderate Al and K peaks characterize biotite,
etc. Amphibole and pyroxene could not be readily differentiated, so they are
collectively termed pyroboles. Ferrous and ferric iron oxides and garnet species
as well as polymorphs of kyanite and rutile could not be distinguished.
Unknowns represent combinations of elements that could not be identified
readily.
5. Quantitative Mineral Analysis by WDS
After qualitative analysis, selected mineral groups were analyzed
quantitavely using a JEOL 733 Microprobe with wavelength-dispersive
spectrometry (WDS). The instrument was standardized for Si, Ca, Cr, Ti, Zr,
Mg, Mn, Al, K, Ba, Ce, and Na. Standards used are listed in the Appendix A
(Table A.1). Mineral grains were analyzed with a 10µm diameter beam at
360,000x magnification. After magnification, elemental abundances are
reproducible at +/- 1 wt.% of the value reported. The results provided more
data on the grains present for potential use in provenance determination.
A review of the spectra created for the grains was done to compare the
variation between grains within a sample to determine which was needed for
further analysis. The grains were analyzed to determine the quantitative
chemical composition for minerals in each group. The groups were epidote,
garnet, ilmenite, pyroboles, sphene, and spinel. The grain analyses were
compared according to oxide percentages. This was done to detect distinct
characteristics that would suggest a variation in provenance among the
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Table 2.1 Table of peak intensity combinations to identify heavy minerals.
Numbers represent rare occurrences that could not be identified.
Element Si Al Fe Ca Zr Mg K Ba S P Cr Na Ti Mn
Apatite XXX XX
Barite XXX XXX
Biotite XXX XX XXX X XX
Chromite X X XX XXX
Corundum XXX
Dolomite XXX X
Epidote XXX XX X XX
Garnet XXX XXX XX XX XX XXX X X
Ilmenite X X XXX XXX X
Iron Oxide XXX
Kyanite* XX XXX
Pyrobole XXX XX XX XX X X X
Rutile* XXX
Sphene XXX XXX XXX
Spinel XXX XX
Staurolite XX XXX XX
Zircon XXX XXX
#1 XX XX XXX
#2 XX XX XX XXX
#3 XX XX XXX X XX
#4 XXX XX XX X
#6 XXX XX XX
#7 XXX XX XXX XX X X
#8 XXX XX XX
#9 XXX XX X XX XXX XX
#10 XXX XX XX
* or its polymorph.
individual mineral groups. (Zack et al., 2004) The absence of garnet in the
Cane Ridge samples was noted for the analysis. The following samples were
used for analysis: CR01-A, CR01-B, CP01-A, CP02-B, CP03-B, PI01-A, PI02-A,
PI02-B, PI03-A ,PI03-B, PI05-A, PI05-B, PI06-A, and PI06-B.
Sources of Experimental Error
Obtaining a representative sample of the heavy mineral content in a
specific size fraction at a given location is a major potential source of
experimental error. Statistical analysis presented below revealed no statistically
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significant variability due to this factor. Other sample differences or sampling
errors are evaluated by MANOVA.
An estimate of the error in the qualitative identification of heavy minerals
by elemental intensity ratios can be determined by looking at the data for
ilmenite and pyrobole. The average and standard deviation for iron and
titanium intensity ratios in ilmenite are 47.6 ± 6.17 and 48.77 ± 5.28,
respectively. For pyrobole, the values for silicon aluminum, iron and calcium
are 46.73 ± 4.52, 10.25 ± 1.92, 18.82 ± 4.2, and 14.24 ± 4.33, respectively.
These fall well within the range of values selected for their identification.
Estimates of grain abundance are dependent on the number of grains
counted. In the analysis of the individual grain size fraction, approximately 100
grains were counted and the estimated relative error at the 95.4 level of
confidence is ±4.4% for grains at the 5% abundance level and ±8.0% for grains
at the 20% abundance level. For the combined grain size analysis,
approximately 200 grains were counted. The estimated relative error is ±3 of
the amount reported. General analytical variability estimates are included in
the MANOVA.
Statistical Analysis
The mineral compositions of the coarse and fine samples from all three
(3) ridges initially were compared statistically using a student’s T-test. A two-
tailed student’s T-test was performed to assess the statistical variation in
mineral concentration between grain size categories. Sample groups were then
analyzed using the general linear model for MANOVA in SYSTAT 10.2. Seven
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main mineral groups were chosen for this comparison based on their
abundance in the ridges sampled. The analysis was done using mineral
percentages.
Following the initial T-test, the samples were compared by MANOVA
using four other variables. A MANOVA is an ANOVA that allows for testing with
multiple dependent variables. The heavy mineral variability was tested
according to sample site homogeneity, crest versus flank position, position
along the crest of the ridge, and among the ridges (InterRidge). Sample site
homogeneity samples were collected 2 meters apart to ascertain whether there
was a small-scale variability in composition. Samples were collected along the
crest of each ridge in a northeast-southwest trend. In Pecan Island, samples
were collected from the crest and the flank. These samples were then compared
for variability. The principal null hypothesis was that there would be no
variation among all three ridges in every aspect tested. If the overall
multivariate test is significant, it is concluded that the particular result is
significant. The null hypothesis would be rejected if P≤0.05. After obtaining a
significant multivariate test for a particular result, the univariate F tests for




The heavy minerals in the 3.5-4.0φ and 4.0-4.5φ-grain size fractions
made up significantly less than 1wt.% of each sample. A table of mineral
abundance results is located in the Appendix B (Table B.1). The ridge samples
contain abundant pyrobole, ilmenite, zircon, garnet and epidote, with few
exceptions. In addition, other minerals are present as indicated in the
discussion to follow. A typical sample result is presented in Figure 3.1. Sample
PI-02(A)-Coarse (>4.0φ) contains 22% pyrobole, 16% ilmenite, and 10% zircon
and garnet. The minor minerals found in this sample include epidote, iron
oxide, kyanite, rutile, sphene, and spinel. Apatite, barite, biotite, chromite,
corundum, dolomite, and staurolite were present in other samples, but were
not detected in this one. There are also two minerals that could not be readily
identified. Grains identified as unknown are those whose X-ray spectra did not
exhibit intensity ratios that could be linked to a common mineral. They may be
composite grains or those altered by weathering.
Differences in heavy mineral abundances are best illustrated by breaking
the samples into four (4) informal groups according to relative mineral
abundance. This provides a simple, non-statistical way to visualize apparent
mineralogical differences. It was accomplished by sorting mineral abundance
patterns according to their dominant minerals. The boxplots in Figures 3.2 to











































































































Figure 3.1 Heavy mineral assemblage in sample PI-02(A)-Coarse.
at the first and third quartile levels is defined by the bottom and top of the box,
respectively. The mean value is indicated by the horizontal black line within the
box.
Group 1- Pyrobole-rich
This group was defined by pyrobole quantities, ranging from 22-52%
(Figure 3.2). Epidote and garnet, respectively, represent 0-20% and 0-24% of
the samples in the group. Ilmenite was found in all samples, but not in
percentages higher than 22%. The staurolite percentage reaches 27% in one
particular sample, CR01(B)-Coarse. The following minerals are also found in
this group: apatite, barite, dolomite, rutile, sphene, spinel, and zircon. This
group includes samples from Cane Ridge and Pecan Island, CR01(A), CR01(B),







































































Figure 3.2 Mean and range in heavy mineral percentages for samples in
Group 1, Pyrobole-rich.
Group 2- Ilmenite/ Zircon/Epidote
This group has high (28-48%) ilmenite percentages with a mean of ~17%.
This group also has up to 40% zircon and epidote from 8-16% (Figure 3.3).
Other minerals present include biotite, garnet, iron oxide, kyanite, pyroboles,
rutile, sphene, spinel, staurolite. This group includes PI04(A), PI04(B), PI05(A),
PI04(B), CP03(A),  and CP03(B).
Group 3- Ilmenite/Pyrobole/Zircon/Epidote/Garnet
This group is defined by the almost equal abundance of ilmenite and four
other major minerals; pyrobole, zircon, epidote, and garnet (Figure 3.4).
Ilmenite was higher than the other minerals, as in Group 2, but it was not so
clearly dominant. Other minerals found in this group include apatite,
corundum, sphene, spinel, and staurolite. This group includes samples






















































































































































Figure 3.4 Mean and range in heavy mineral percentages for samples in
Group 3, Ilmenite/Pyrobole/Zircon/Epidote/Garnet.
Group 4- Zircon/Ilmenite/Pyrobole
This group was defined by similar abundances of zircon, ilmenite, and
pyrobole (Figure 3.5). Although garnet, spinel, and epidote are present, these
minerals are not found throughout the entire group. Other minerals found in
this group include apatite, biotite, dolomite, iron oxide, kyanite, rutile, and
29
























































































Figure 3.5 Mean and range in heavy mineral percentages for samples in
Group 4, Zircon/Ilmenite/Pyrobole.
Preliminary Ridge Variations
The grouping of sample results revealed some differences between the
ridges. These qualitative differences suggest ways that the ridges may be
differentiated with the MANOVA. Pecan Island contains generally the same
minerals (epidote, garnet, ilmenite, iron oxide, kyanite, pyrobole, sphene, spinel
and zircon throughout the ridge with variation in amounts. In crest vs. flank
samples, pyrobole is only found in the northeast sample of the ridge crest
(PI06- A & B). For the northeast section of Sweet Bay Ridge, pyrobole was only
found in the coarser grain size group. Sphene and dolomite showed differences
in the center of the ridge. Also, in the center of the ridge (CP02- A & B),
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corundum (2-8%) was found in all four samples analyzed. The southwest area
of the ridge (CP01-B-Fine) contained chromite (2%), but it was not found
anywhere else. The samples collected from Cane Ridge contained barite (4-
10%). It was not found anywhere else in the other ridges. The coarser size of
the second sample (B) from the sample site homogeneity samples (CR01-B-
Coarse) contained a large amount of staurolite (27%). This mineral was not
found in any of the other samples collected from Cane Ridge. These and other
mineral abundance results are examined statistically below.
Chemical Analysis
Results of the electron microprobe quantitative chemical analysis of
individual epidote, garnet, pyrobole, sphene, and spinel grains are tabulated in
Appendix B (Tables B.2-B.7). Figures 3.6, 3.7, and 3.8 show selected chemical
variation diagrams to illustrate the compositional variability. The three most
distinguishing oxide weight percentages for the particular mineral were chosen
for plotting after normalizing their abundances to 100%. When the oxides have
large variations, the points are widely scattered. Figure 3.6 illustrates a ternary
plot for sphene. This figure shows a cluster with all points on top of one
another, illustrating that there is no variation in the composition of these
sphene grains.
Figure 3.7 illustrates the variation found in the epidote and garnet
groups. For epidote, there is small change in the Al2O3/SiO2 ratio and one
sample is slightly Ca-depleted. The garnets have essentially constant
Al2O3/SiO2 ratios with FeO varying about 5 wt.%. No garnet was found in Cane
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Ridge. The clustering of the results indicates very little change in the chemical
composition in each group.
Figure 3.8 illustrates the results for pyrobole and spinel. The pyrobole
plot contains two scattered clusters (Figure 3.12A). Group A.1 represents CaO-
rich pyrobole with higher MgO/FeO ratios from the Sweet Bay Ridge. Group
A.2 has less CaO than group A.1 and a wide range of MgO/FeO ratios. These
results were obtained for samples from Cane Ridge and Pecan Island. The type
of spinel found in the ridges was ulvöspinel and it showed variation in the FeO-
TiO2 ratio. The spinel samples (Figure 3.8B) contain very small percentages of
MgO identifying them as ulvöspinel.
Statistical Analysis
There were seventeen recognizable and nine unidentified minerals found in the
ridges. The most abundant minerals, epidote, garnet, ilmenite, pyrobole, spinel,
sphene, and zircon- were chosen for statistical comparison. The student T-test
was employed first to assess possible grain size differences and then followed
by MANOVA to asses spatial variability at different scales.
The student T-test showed no difference due to grain size analyzed.
Results from the T-test are found in Appendix B (Table B.7). The mineral
counts from the coarse and fine size fractions were then combined, eliminating
the grain size variable and increasing the number of grains from each site for a





Figure 3.6 CaO-SiO2-TiO2 plot for sphene found in CR01-B, CP01-A, CP02-B,
PI02-B, and PI05-B.
Figure 3.7 SiO2-Al2O3-CaO plot for epidote (A) and FeO-SiO2-Al2O3 plot for
garnet (B) found in CR01-B, CP01-A, CP02-A, CP02-B, CP03-B, PI01-A, PI02-A,
PI03-B, PI05-A, PI05-B, and PI06-A.
Some significant variation was detected. Table 3.2 lists the results of the
MANOVA. A statistically significant difference in mineral abundance is
established when the probability (P) is less than or equal to 0.05 (P ≤ 0.05). An
acceptance of the null hypothesis is indicated by P > 0.05. The general null
hypothesis is that samples are homogeneous at the level examined. Most









Figure 3.8 CaO-FeO-MgO plot for pyrobole (A) and TiO2-MgO-FeO plot for
spinel (B) found in the CR01-A, CR01-B, CP02-B, CP01-A, PI02-A, PI02-B,
PI03-A, PI05-B, and PI06-B.
Results of the sample site homogeneity (SUBSMPL) analysis, all A and B
samples are significance for garnet (P=0.040) and sphene (P=0.027, Table 3.2).
Thus, the null hypothesis is rejected and garnet and sphene abundances vary
in samples collected one meter apart. Mineral abundances for epidote,
pyrobole, spinel, ilmenite, and zircon were not significantly different.
The results for samples collected along the crest of the ridge (NExCxSW),
samples PI01-PI03, CP01-CP03, and CR01, show significant variability for
sphene (P=0.031, Table 3.2). The other minerals exhibit no statistically
significant variation along the crest of the ridge.
The results for the samples collected on the crest, PI01-PI03, and flank,
PI04-PI06, (CRESTxFLANK, Table 3.2) of Pecan Island ridge show significance











accepted for all minerals, except pyrobole. Pyrobole abundances in the ridge
and flank are different; none of the others are statistically different. The major
mineral data confirm that pyrobole is absent in samples from two (southwest
and center) of the three (northwest) flank sample sites. All other heavy mineral
abundances were not significantly different.
The results for all minerals of the inter-ridge heterogeneity (RIDGE),
comparison show significant (Table 3.2) differences for all tested mineral
groups, except ilmenite (P=0.690). Six minerals have statistically significant
abundances at this level of comparison. The three ridges have different mineral
assemblages.
Summary of Results
Visual and statistical comparisons of mineral percent abundances reveal the
following general patterns.
• Pecan Island
o Flank samples are lacking pyroboles in the central and southwest
segments of the ridge. (PI04-PI06, Table 3.1)
o  The quantitative analysis of pyrobole showed similarity to Cane
Ridge samples. (CR01 (A & B), Table 3.1)
o Kyanite is only found in this ridge. (Samples PI01(A), PI02(A), and
PI06(A))
• Sweet Bay Ridge
o  Chromite was found in southwest samples taken from the ridge,
CP01 (B)- Fine.
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o Corundum was found in samples taken from the center of the ridge
only. (CP02)
• Cane Ridge
o Barite was found in the center of the ridge only. (CR01(A))
o There is no garnet, nor iron oxide present.
• Chemical Analysis
o  The pyrobole diagram showed variation in Sweet Bay Ridge and
Pecan Island and Cane Ridge, combined.
• Statistical Analysis
o  All mineral groups showed significant variation among ridges,
except ilmenite.
o Sphene varies along the crest of the ridge.
o  The locations at the crest or flank of Pecan Island showed
significant variation in pyrobole.
o  The sample site homogeneity analysis showed variation in both
garnet and sphene.
o  Most mineral abundances within the ridges were not significantly
different.
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Table 3.1 Mean percentages used to run statistical analysis. PI=Pecan Island,




Flank Epidote Garnet Ilmenite Pyrobole Sphene Spinel Zircon
PI03 (A) Crest 7.000 15.000 14.000 35.000 1.000 6.000 14.000
PI03 (B) Crest 17.000 5.000 12.000 23.000 4.000 0.000 21.000
PI02 (A) Crest 9.000 9.000 15.000 19.000 3.000 7.000 1.000
PI02 (B) Crest 8.247 0.000 39.175 29.897 4.124 6.186 0.000
PI01 (A) Crest 12.000 18.000 16.000 12.000 0.000 10.000 17.000
PI01 (B) Crest 14.000 11.000 11.000 24.000 4.000 0.000 16.000
PI06 (A) Flank 6.000 4.000 40.000 3.000 0.000 17.000 24.000
PI06 (B) Flank 11.842 1.316 39.474 0.000 2.632 6.579 30.263
PI05 (A) Flank 18.000 13.000 32.000 0.000 2.000 20.000 5.000
PI05 (B) Flank 14.458 9.639 31.325 7.229 6.024 9.639 4.819
PI04 (A) Flank 8.000 17.000 15.000 29.000 0.000 7.000 19.000
PI04 (B) Flank 6.000 7.000 0.000 46.000 4.000 2.000 0.000
CP03 (A) Crest 13.208 0.000 36.792 1.887 0.000 0.000 36.792
CP03 (B) Crest 17.822 0.000 36.634 0.990 0.000 0.000 32.673
CP02 (A) Crest 12.871 15.842 13.861 19.802 2.970 8.911 9.901
CP02 (B) Crest 14.851 7.921 24.752 16.832 1.980 4.950 11.881
CP01 (A) Crest 1.000 10.000 29.000 20.000 3.000 11.000 13.000
CP01 (B) Crest 0.000 4.950 25.743 12.871 1.980 9.901 22.772
CR01 (A) Crest 0.000 0.000 16.000 38.000 0.000 5.000 16.000
CR01 (B) Crest 13.978 0.000 13.978 41.935 3.226 0.000 0.000
Table 3.2 Statistical results from MANOVA. Bold numbers indicates P values
that are statistically significant.
Minerals SUBSMPL NExCxSW CRESTxFLANK RIDGE
Epidote 0.406 0.143 0.080 0.002
Garnet 0.040 0.063 0.093 0.000
Ilmenite 0.872 0.056 0.385 0.690
Pyrobole 0.715 0.358 0.016 0.037
Sphene 0.027 0.031 0.180 0.000
Spinel 0.081 0.132 0.947 0.003
Zircon 0.809 0.249 0.099 0.047
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DISCUSSION
Visual Comparison: Unique Occurrences
A statistically significant distinction based on mineral content is found
between the ridges. For samples in the ridge sample set, similarities and
variations can also be noted by visual comparison of the data in Figure 4.1. In
addition to the seven mineral groups used for statistical comparison, there
were ten other minerals found in some samples.  In Pecan Island, there was
apatite, biotite, kyanite, staurolite, rutile and iron oxides, hematite or
magnetite.  In Sweet Bay Ridge, apatite, chromite, corundum, rutile, iron
oxides and staurolite were present. Cane Ridge contained apatite, barite, rutile,
and staurolite.
Certain minerals were only found in particular ridges or sections of those
ridges. Kyanite and biotite were only found in Pecan Island. Chromite was only
found in sample CP01 (B), Figure 4.1, Sweet Bay ridge (CP02, Figure 4.1).
Corundum was found only in samples taken from the center of Sweet Bay
Ridge. Barite was only found in the center of Cane Ridge (CR01, Figure 4.1).
They could be unique indicator components of the ridges but their low
abundance and spotty distribution make this unlikely.
An understanding of the wide variation among samples from the same
site is shown through a comparison of PI02 A and B, Figure 4.1. These samples
were collected two meters apart at the same depth to test sample site
homogeneity. PI02 (A) contains all seven of the major minerals along with
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staurolite kyanite, iron oxide and rutile. PI02 (B) is missing two of the major
seven minerals, garnet and zircon, plus rutile. The amounts of ilmenite and
pyrobole found in sample PI02 (B) are among the highest values found
throughout the entire sample set. Additional variance can be seen between
samples CR01 A and B, Figure 4.1. CR01 (A) contains no epidote, garnet or
sphene, three of the seven major minerals, but contains apatite, dolomite and
barite. The nearby sample, CR01 (B), lacks garnet, spinel and zircon, but has a
relatively high amount of staurolite, ~20%, and rutile (Figure 4.1). Mineral





































































































































Figure 4.1: Percentages of heavy minerals found in Pecan Island ridge (PI),
Sweet Bay Ridge (CP), and Cane Ridge (CR).
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Visual Comparison: Chemical Analysis
The pyrobole grains provide the most striking difference in chemical
composition. The pyrobole grains in Sweet Bay Ridge are a pyroxene, while
those in Pecan Island and Cane Ridge are amphibole (Figure 3.12A). This
difference was unexpected. All ridges were expected to contain mixtures of
pyroxene and amphiboles.
The occurrence of pyroxene in Sweet Bay Ridge and not in Pecan Island
can be the result of preferential dissolution. However, if both ridge heavy
mineral assemblages were derived from similar sources, it could require
preferential dissolution of pyroxene in one and amphibole in the other.  This is
very unlikely. Local variability is more probable.
Statistical Comparison
Grain size variation can be an important variable in heavy mineral
investigations (Commeau et al., 1992). Commeau et al. (1992) compared silt
and sand sized fractions of heavy mineral assemblages for variability. Silt-sized
grains were more diverse and weathered and they chose the silt size (4.0φ)
categories for their study. Grain size variation was eliminated as a determining
factor in heavy mineral distribution in the SW Louisiana Chenier Plain because
statistically there was no difference in mineral abundance between the two size
categories, 3.25φ-4.0φ and 4.0φ-4.5φ. The two size fractions could then be
combined to increase the number of grains to be compared by other statistical
methods.
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In the sample site homogeneity analysis, there was statistically
significant variability found in garnet (P=0.40, Table 3.2) and sphene (P=0.027,
Table 3.2) abundance. The garnet found in the samples is almandine. An
illustration of the varying amounts of garnet found in the A and B location at
each sample site is provided in Figure 4.2. At some locations, the A samples
contain the larger number of garnet grains while at others, B contains the
higher quantity. The range in values and the wide scatter of the average values
make it relatively easy to visualize the heterogeneity of garnet distribution. The
other mineral abundance data (epidote, pyrobole, spinel, zircon, and ilmenite)
















































Figure 4.2 Garnet grain abundance in percentage indicating highs and lows.
A and B represent sample pairs collected 2 meters apart. PI, CP, and CR
identify samples from Pecan Island, Sweet Bay Ridge and Cane Ridge,
respectively. The heterogeneity of sphene abundance is illustrated in Figure
4.3.
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The heterogeneity of sphene abundances is illustrated in Figure 4.3.
Three of the samples from Pecan Island (PI01-A, PI04-A, and PI06-B) do not
contain sphene in Pecan Island, but the others have a similar average ~3%.
Sphene has low average abundance in Sweet Bay Ridge (CP01 and CP02)and it
is not present at all in the northeast section of the ridge (CP03). For Cane Ridge
(CR01), sphene is present in sample B, but not in sample A, reducing the
average to ~2%. (Figure 4.3) The wide range among A and B results are evident











































Figure 4.3 Sphene grain abundance in percentage indicating highs and lows.
A and B represent sample pairs collected 2 meters apart. PI, CP, and CR
identify samples from Pecan Island, Sweet Bay Ridge, and Cane Ridge,
respectively.
A typical boxplot illustrating homogeneous distribution of A and B
results is presented in Figure 4.4. The values range from 0-40%. Generally, the
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B values are higher, but are still very close in range, for example PI05 and
PI06.  Only three sample results (PI02, PI04, and CP02) exhibit large
differences in A and B values. Similarly close values can be seen for epidote,
pyrobole, spinel, and zircon. Epidote, ilmenite, pyrobole, spinel, and zircon are


















































Figure 4.4 Ilmenite grain abundance in percentage indicating highs and lows.
A and B represent sample pairs collected 2 meters apart. PI, CP, and CR
identify samples from Pecan Island, Sweet Bay Ridge, and Cane Ridge,
respectively.
Samples collected along the crest of the ridges (PI01-PI03, CP01-03, and
CR01) showed significant variance in average sphene percent (P=0.031, Table
3.2). The range spanned from 0 to ~4% (Figure 4.3). For Pecan Island, only one
sample, found in the southwest section of the crest, did not contain sphene.
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Sphene followed the same pattern as the sample site homogeneity for Sweet
Bay Ridge and Cane Ridge. The remaining minerals are distributed
homogeneously along the crest of the ridge. For most minerals the ridge crest
samples are internally homogeneous.
The crest versus flank statistical analysis was only performed on Pecan
Island. The test showed significant variance in the samples collected from the
crest (PI01 to PI03) and flank (PI04 to PI06) location (P= 0.016, Table 3.2) for
pyrobole. In crest samples, pyrobole was very abundant, up to 35%, and
almost disappears in the southwest (3%) and center (~7%) flank samples. The
only observation of pyrobole in the flank of Pecan Island was in the northeast
portion (up to 46%). According to the individual grain chemical results for
pyroboles, those found in Pecan Island can be identified as actinolite, an
amphibole. Crest versus flank position had no significant influence on the
abundance of the other heavy minerals.
Changes in the composition of the crest and flank grains are illustrated
in Figure 4.4. Reference line A, drawn at 40 wt.% FeO, demonstrates that the
flank samples are poorer in FeO than all the crest samples. Reference line B at
20 wt.% MgO shows that the flank samples are richer in MgO than the crest
samples. This may be a result of preferential dissolution of FeO rich
amphiboles in the water saturated flank zone or the preferential removal of FeO
without complete dissolution. Alternately, the differences may simply be due to
heterogeneity produced by ridge forming processes.
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In the inter-ridge statistical analysis, significant heterogeneity was found
in epidote (P=0.002), garnet (P=0.000), pyrobole (P=0.037), sphene (P=0.000),
spinel (P=0.003), and zircon (P=0.047) abundance. The differences among the
ridges are illustrated in the boxplots of Figure 4.5. Epidote has a range of
values from 0-18% (Figure 4.6A). The mean values are close together, but are
significantly different as revealed by the MANOVA. Garnet is variable in two
ridges and is absent from Cane Ridge (Figure 4.6B). The average means for
Pecan Island and Sweet Bay Ridge are 7% and 9%, respectively. The difference










Figure 4.5 Crest (I) and flank (II) comparison of amphiboles found in the crest
and flank of the ridge, flank samples showing less iron.
well. Pyrobole shows variability (Figure 4.6C) among averages between Pecan
Island and Sweet Bay Ridge Pecan Island and Sweet Bay Ridge (15% and 21%,
respectively) and Cane Ridge (40%). The mean values, as well as the MANOVA,
confirm differences among the ridges. Sphene averages 2-3% for Pecan Island
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and Sweet Bay Ridge and is absent from the sample in Cane Ridge (Figure
4.6D). Spinel is less variable than the other mineral groups with the averages
ranging from 3-7%, with an individual maximum of 20% found in Pecan Island
(Figure 4.6E). Zircon is widely variable ranging from 0-37%, but with averages
from 8-18%. Pecan Island (PI02-B and POI04-B) and Cane Ridge (CR01-B)
contained samples that lacked zircon completely.
Of the minerals studied, epidote, garnet, pyrobole, sphene, spinel, zircon,
and ilmenite, only ilmenite failed to show significant variance in the ridge
analysis. This difference can be seen in Figure 4.6. Ilmenite was found in every
area of this study. It makes up ~7-40% of each sample. The general appearance
is similar to the heavy mineral variability depicted in Figure 4.7, but the range
in ilmenite abundance at the 1st and 3rd quartile levels is slightly less variable.
The differences in mean abundance are greater than for some of the other
minerals. Nevertheless, MANOVA failed to reject the null hypothesis and
ilmenite distribution is considered to be homogeneous.
Visual inspection of widely variable mineralogical data presents a
challenge to geologic interpretation. When data are highly variable, only
multivariate statistical results provide valid comparison of samples. As
illustrated above, the general distribution patterns are often quite similar for
minerals with homogeneous and heterogeneous distribution. Individual sample

































































































































Figure 4.6 Grain abundance in percent in Pecan Island, Sweet Bay
Ridge, and Cane Ridge for (A) epidote, (B) garnet, (C) pyrobole, (D) sphene, (E)






















Figure 4.7 Ilmenite grain abundance distribution in percentage in samples
from Pecan Island, Sweet Bay Ridge, and Cane Ridge.
Origin
In earlier studies, Taylor et al. (1995) suggested that local areas were the
sources for sediment being contributed to the ridges. Taylor et al. (1995) used
carbonates and sand grains, ranging from 0.5-4.5φ, to determine transport
patterns of the chenier ridge sediments. Although coarsening and fining trends
were observed in Grand Chenier complex, Chenier Perdue, and Little Chenier,
no sample source can be identified as the solitary source of sediment during
chenier formation due to the variability of the observed characteristics. The
sediment may come from already existing ridges, beaches, or sediment from a
local river basin that is reworked. This is supported by the observation that the
heavy minerals found in Pecan Island relate to Sweet Bay Ridge and Cane
Ridge, but Sweet Bay Ridge and Cane Ridge assemblages do not relate to each
other.
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It is clear from aerial photographs and maps that Pecan Island truncates
several ridges, including Sweet Bay Ridge and Cane Ridge (Figure 2.1). The
presence of garnet in Sweet Bay Ridge and Pecan Island, but not in Cane Ridge
indicates a possible switch in sediment source between periods of deposition.
There are minerals found in Pecan Island that are not found in either of the
other ridges sampled. Pecan Island is not simply a mixture of minerals from the
reworking of Sweet Bay and Cane Ridge sediments.
Anderson et al. (1998) discovered that there are bioclast variations
correlated to age progression in the ridges. Samples were collected from four
beaches and six relict shorelines (cheniers). Mollusca found in the cheniers
varied in taxonomic composition and levels of preservation. Older ridges were
rich in oyster shells, while younger ridges and beach samples were rich in
burrowing bivalves. The shells were also subject to biostratinomic and
pedogenic alteration. The types of alteration were also related to age, for
example, older ridges displayed more pedogenic alteration. This study inferred
various reasons for differences in age and molluscan composition.  They
include: “progressive effects of pedogenic processes, changes in depositional
environment, changes in source of reworked sediment, and replacement of
nearshore biotic communities caused by environmental change.” Heavy mineral
assemblage variation support the same conclusions.
From Mange and Otvos (2005), it is understood that there are four heavy
mineral provinces identified in southwestern Louisiana. The Northern Province
(NP) is recognized by high-grade metamorphic assemblages (kyanite and
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staurolite) large quantities of zircon. The heavy minerals are identical to those
found in deposits from the Calcasieu and Sabine Rivers. The Red River
Province (RRP) is identified by its epidote, tourmaline, garnet, and zircon
signature. The sedimentary rocks that are being eroded upstream in the Red
River Valley mainly influence the composition. Some kyanite and staurolite
may be the contribution of tributaries draining high-grade metamorphic
terrains. The Mississippi Province (MP) is dominated by hornblende and
pyroxenes, although pyroxenes are rarely found in present-day Mississippi
alluvium. The Mixed Suite Province (MSP) is a combination of RRP and MP,
with little reflection of NP.
The heavy mineral assemblages in the chenier are most like the
Mississippi Province, with little influence from the Red River Province. The
pyroxenes found in the Sweet Bay Ridge are as paradoxical as in the MRP. The
low stability of pyroxenes may prevent them from being found in other ridges
during reworking. Mange and Otvos (2005) explain this as a “result of post-
depositional dissolution,” but that cannot be the sole source of pyrobole
variability in the cheniers.
None of the heavy mineral assemblages contained any signatures from
sources west of the study area. The Calcasieu River deposits contain higher
levels of kyanite and staurolite than those found in Pecan Island, Sweet Bay
Ridge, and Cane Ridge. Also, the levels for garnet and rutile were too low for
typical heavy mineral assemblages found in Calcasieu River deposits. (van
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Andel and Poole, 1960) Overall, the mineral suites found in the ridges are
derived from the Mississippi drainage basin.
There have been several hypotheses concerning the origin of cheniers.
The most popular is mudflat accretion alternating with reworking of the
mudflats during delta switching periods (Figure 1.4). Major fluctuations in the
fine-grained sediment supply are critical to chenier development. When there is
ample sediment, mudflats develop. When that sediment supply diminishes, the
mudflats are reworked to form chenier ridges. Heavy mineral assemblages in
the cheniers owe their origin to reworking of Mississippi River deposits. The
reworking of the original and earlier chenier deposits produce unique
assemblages in each ridge. Locally, there may be large differences in heavy
mineral content due to the complexity of the beach forming processes. The
local variability supports earlier interpretations of Taylor et al. (1995),
Anderson et al. (1998), and Mange and Otvos (2005).
Provenance
A general source for the heavy minerals in the Louisiana Chenier Plain is
the Mississippi River basin including all terranes south of the Pleistocene
glacial divide that stretches from east to west across central Canada. This area
contains Archaen, Proterozoic, and Phanerozoic igneous, metamorphic and
sedimentary formations comprising  all or part of the Canadian Shield, Interior
Plains, Western Mountain, Appalachian Highland, and the Gulf-Atlantic
Coastal Plain physiographic realms of North America (Blij et al., 2005). Only
one mineral could be associated with a specific location.
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The most unique indicator of a potential heavy mineral source is
ulvospinel. Since ulvospinel is readily altered during weathering (Ellwood,
2007), its presence suggests a derivation from an area in which the source rock
is currently being exposed by erosion. A probable locality is the Ouachita
Mountains in Pike County, Arkansas (Velde, 2000). The other minerals are so
resistant to weathering that it is not possible to suggest specific sources.
52
SUMMARY AND CONCLUSIONS
This study was designed to provide insight into the origin of cheniers
through the use of heavy mineral analysis. A statistical analysis, MANOVA, was
used to compare the percent abundance values for seven major minerals,
epidote, garnet, ilmenite, pyrobole, sphene, spinel, and zircon. Variability was
assessed with respect to sample site homogeneity, position along the crest,
location at crest or flank of the ridge, and interridge heterogeneity.
Samples were collected along the crest of Pecan Island, Sweet Bay Ridge,
and Cane Ridge (Figure 2.1). Also, samples were collected along the flank of
Pecan Island. The samples were collected from a shelly sand layer,
approximately 1 meter beneath the surface. Two grain size fractions were
analyzed, 3.5-4.0 and 4.0-4.5. The grains were then separated with sodium
polytungstate to isolate those with a specific gravity >2.8. The minerals were
identified using a JEOL JSM-840A SEM to produce secondary electron images
of the samples. The SEM was also used for energy dispersive X-ray
spectroscopy (EDS) qualitative elemental abundances in the grains. A T-test
was performed to determine variation between grain sizes. Next, the seven
major mineral group percentages were compared to determine variation
throughout the ridge.
In addition to the seven major minerals, apatite, biotite, kyanite,
dolomite, staurolite, rutile, iron oxides, chromite, corundum, and barite were
found. Preliminary variations were observed through unique occurrences of
minerals in certain ridges, such as chromite and corundum only being found in
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Sweet Bay Ridge. A chemical analysis showed differences in the pyrobole
variations. Pecan Island and Cane Ridge contained only actinolite, an
amphibole, while Sweet Bay Ridge contained only augite, a pyroxene.
A sample site homogeneity analysis, garnet (P=0.040, Table 3.2) and
sphene (P=0.027, Table 3.2) showed statistically significant variability, but
epidote, ilmenite, pyrobole, spinel, and zircon were not variable.. Samples
collected along the crest of the ridge varied in average sphene percentage
(P=0.031, Table 3.2), but were otherwise homogeneous. In crest and flank
analysis only Pecan Island was tested for variability. Statistically significant
variability was found in pyrobole (P=0.031), but no differences were observed
for the other minerals. Flank samples only showed high percentages in the
northeast portion of the ridge (46%). In the inter-ridge statistical analysis,
significance was found in epidote (P=0.002), garnet (P=0.000), pyrobole
(P=0.037), sphene (P=0.000), spinel (P=0.003), and zircon (P=0.047) abundance.
Out of the extensively studied minerals, ilmenite showed no statistically
significant variability.
The ridges have distinctive mineral compositions, based on visual and
statistical analysis. The final statistical results showed a variation between six
of the seven most commonly occurring mineral groups (epidote, garnet,
pyrobole, sphene, spinel, and zircon). Though there is a definite determination
of the variation between the ridges, a specific source cannot be determined
without further study. The study clearly reveals a spatial and temporal
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variability in the heavy mineral assemblages at the ridge level. Heavy minerals
support prevailing theories of chenier origin.
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FUTURE RESEARCH
A more extensive study of Mississippi River sediments would need to be
conducted to determine whether the heavy minerals found in Sweet Bay Ridge
and Cane Ridge come directly from sediment being eroded from specific delta
complexes. To improve the results of this study;
1. Vertical profiles should be collected through the sample sites to
assess variation at different depths in the ridge;
2. Increase grain counts on each individual sample being analyzed to
increase the observation of unique occurrences or to eliminate its
uniqueness;
3. Expand collection of samples across region to obtain data from other
ridges truncated by Pecan Island.
4. Analyze modern cheniers to observe natural variability. This will allow
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APPENDIX: A. METHODS
Table A.1 Standards used to analyze elements in samples using WDS.
Element Standard ID Standard Name
Fe KAHB Kakanui Hornblende
Cr SCRM Smithsonisn Chromite
K TSAN Toronto Sanadine
Na TALB Toronto Albite
Mn TRHD Toronto Rhodonite
Mg KAHB Kakanui Hornblende
Ca KAHB Kakanui Hornblende
Al KAHB Kakanui Hornblende
Ti KAHB Kakanui Hornblende
Si TALB Toronto Albite
Zr TZRC Toronto Zircon




Ridge Sample Description  
PI01(A) SW CREST Clayey sand with shells, lots of roots
PI01(B) SW CREST Clayey sand with shells, lots of roots
PI02(A) C CREST Shelly sand with clay, lots of roots
PI02(B) C CREST Shelly sand with clay, lots of roots
PI03(A) NE CREST Sand shell, minor roots and clays
PI03(B) NE CREST Sand shell, minor roots and clays
PI04(A) SW FLANK Sand shell, minor roots and clays
PI04(B) SW FLANK Sand shell, minor roots and clays
PI05(A) C FLANK Clayey sand with shells, lots of roots
PI05(B) C FLANK Clayey sand with shells, lots of roots
PI06(A) NE FLANK Clayey sand with shells, lots of roots
PI06(B) NE FLANK Clayey sand with shells, lots of roots
CP01(A) SW CREST Clayey sand with shells, lots of roots
CP01(B) SW CREST Clayey sand with shells, lots of roots
CP02(A) C CREST Clayey sand with shells, lots of roots
CP02(B) C CREST Clayey sand with shells, lots of roots
CP03(A) NE CREST Clayey sand with shells, lots of roots
CP03(B) NE CREST Sand shell, minor roots and clays
CR01(A) C CREST Sand shell, minor roots and clays
CR01(B) C CREST Sand shell, minor roots and clays
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APPENDIX: B. RESULTS
Table B.1 Mineral abundance in percent for epidote, garnet, ilmenite, pyrobole, sphene, spinel, zircon,
staurolite, and kyanite. PI= Pecan Island, CP= Sweet Bay Ridge, and CR= Cane Ridge.
Sample Location Epidote Garnet Ilmenite Pyrobole Sphene Spinel Zircon Staurolite Kyanite
PI01(A) Crest 12.000 18.000 16.000 12.000 0.000 10.000 17.000 3.000 4.000
PI01(B) Crest 14.000 11.000 11.000 24.000 4.000 0.000 16.000 0.000 0.000
PI02(A) Crest 9.000 9.000 15.000 19.000 3.000 7.000 1.000 1.000 4.000
PI02(B) Crest 8.247 0.000 39.175 29.897 4.124 6.186 0.000 0.000 0.000
PI03(A) Crest 7.000 15.000 14.000 35.000 1.000 6.000 14.000 2.000 0.000
PI03(B) Crest 17.000 5.000 12.000 23.000 4.000 0.000 21.000 0.000 0.000
PI04(A) Flank 8.000 17.000 15.000 29.000 0.000 7.000 19.000 0.000 0.000
PI04(B) Flank 6.000 7.000 0.000 46.000 4.000 2.000 0.000 0.000 0.000
PI05(A) Flank 18.000 13.000 32.000 0.000 2.000 20.000 5.000 6.000 0.000
PI05(B) Flank 14.458 9.639 31.325 7.229 6.024 9.639 4.819 2.410 0.000
PI06(A) Flank 6.000 4.000 40.000 3.000 0.000 17.000 24.000 1.000 2.000
PI06(B) Flank 11.842 1.316 39.474 0.000 2.632 6.579 30.263 0.000 0.000
CP01(A) Crest 1.000 10.000 29.000 20.000 3.000 11.000 13.000 0.000 0.000
CP01(B) Crest 0.000 4.950 25.743 12.871 1.980 9.901 22.772 0.990 0.000
CP02(A) Crest 12.871 15.842 13.861 19.802 2.970 8.911 9.901 1.980 0.000
CP02(B) Crest 14.851 7.921 24.752 16.832 1.980 4.950 11.881 1.980 0.000
CP03(A) Crest 13.208 0.000 36.792 1.887 0.000 0.000 36.792 0.000 0.000
CP03(B) Crest 17.822 0.000 36.634 0.990 0.000 0.000 32.673 0.000 0.000
CR01(A) Crest 0.000 0.000 16.000 38.000 0.000 5.000 16.000 0.000 0.000
CR01(B) Crest 13.978 0.000 13.978 41.935 3.226 0.000 0.000 20.430 0.000
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Table B.1 (cont’d) Mineral abundance in percent for apatite, biotite, iron oxide, chromite, corundum,
dolomite, rutile, barite, and the unidentified minerals. PI= Pecan Island, CP= Sweet Bay Ridge, and CR= Cane
Ridge.
Sample Location Apatite Biotite
Iron
Oxide Chromite Corundum Dolomite Rutile Barite Unknown
PI01(A) Crest 1.000 6.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
PI01(B) Crest 4.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 16.000
PI02(A) Crest 0.000 0.000 6.000 0.000 0.000 0.000 6.000 0.000 20.000
PI02(B) Crest 0.000 0.000 0.000 0.000 0.000 0.000 4.124 0.000 8.247
PI03(A) Crest 0.000 0.000 1.000 0.000 0.000 2.000 0.000 0.000 3.000
PI03(B) Crest 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 18.000
PI04(A) Flank 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 5.000
PI04(B) Flank 1.000 0.000 0.000 0.000 0.000 0.000 8.000 0.000 26.000
PI05(A) Flank 0.000 2.000 2.000 0.000 0.000 0.000 0.000 0.000 0.000
PI05(B) Flank 0.000 0.000 2.410 0.000 0.000 0.000 1.205 0.000 10.843
PI06(A) Flank 0.000 2.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
PI06(B) Flank 0.000 0.000 0.000 0.000 0.000 0.000 7.895 0.000 0.000
CP01(A) Crest 3.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 10.000
CP01(B) Crest 2.970 0.000 0.990 0.990 0.000 1.980 0.990 0.000 12.872
CP02(A) Crest 4.950 0.000 0.000 0.000 2.970 1.980 0.000 0.000 3.961
CP02(B) Crest 5.941 0.000 0.000 0.000 5.941 0.990 0.000 0.000 1.982
CP03(A) Crest 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 11.321
CP03(B) Crest 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 11.881
CR01(A) Crest 10.000 0.000 0.000 0.000 0.000 8.000 0.000 7.000 0.000
CR01(B) Crest 0.000 0.000 0.000 0.000 0.000 0.000 1.075 0.000 5.377
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Table B.2 Quantitative analysis of epidote used for ternary diagrams.
Oxide Weight Percent:
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
CR 37.58 0.042 22.78 0.056 13.07 0.110 0.015 23.60 0.000 0.010 0.000 97.26
CR 37.89 0.203 23.71 0.007 12.43 0.195 0.008 23.89 0.000 0.003 0.000 98.34
CP 38.08 0.052 25.43 0.000 10.87 0.132 0.015 24.09 0.000 0.000 - 98.67
CP 38.11 0.165 24.41 0.000 11.39 0.188 0.006 24.12 0.022 0.000 - 98.41
CP 38.18 0.177 24.79 0.000 11.74 0.212 0.005 24.25 0.000 0.000 - 99.35
CP 38.24 0.088 25.49 0.000 9.75 0.070 0.012 24.06 0.000 0.000 0.028 97.74
PI- Crest 38.42 0.084 23.79 0.030 12.75 0.307 0.000 23.39 0.012 0.000 0.054 98.85
PI- Crest 38.44 0.216 24.62 0.233 11.74 0.237 0.019 23.96 0.000 0.022 - 99.48
PI- Crest 38.63 0.058 29.04 0.272 6.36 0.042 0.000 25.21 0.062 0.009 - 99.68
PI- Flank 38.79 0.104 28.88 0.000 6.92 0.042 0.000 24.89 0.000 0.000 - 99.63
PI- Flank 39.69 0.012 30.01 0.053 5.16 0.382 0.027 24.44 0.000 0.014 0.036 99.82
PI- Flank 41.40 0.056 32.68 0.014 1.65 0.118 0.014 23.10 0.449 0.009 0.066 99.56
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Table B.3 Quantitative analysis of garnet used for ternary diagrams.
Oxide Weight Percent:
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
CP 36.89 0.373 21.18 0.000 36.27 3.300 2.059 1.877 0.012 0.000 0.000 101.96
CP 36.03 0.361 20.16 0.008 14.85 26.12 1.031 0.433 0.091 0.011 0.084 99.18
CP 36.60 0.096 20.63 0.060 30.01 10.30 1.569 1.072 0.045 0.000 0.240 100.61
CP 36.09 0.003 20.95 0.030 33.21 2.118 4.390 1.515 0.000 0.002 0.254 98.56
CP 35.78 0.220 20.10 0.029 32.77 1.589 1.649 8.170 0.000 0.001 - 100.30
CP 36.37 0.064 19.68 0.000 32.30 1.581 1.552 8.460 0.000 0.000 - 100.01
CP 36.40 0.032 21.58 0.000 30.04 3.790 5.410 2.125 0.062 0.009 - 99.45
CP 36.41 0.099 19.71 0.008 32.99 1.656 1.620 8.340 0.041 0.000 - 100.88
PI-Crest 36.48 0.066 20.26 0.086 29.83 1.686 4.070 6.610 0.010 0.000 - 99.10
PI-Crest 36.50 0.105 20.24 2.089 30.15 1.740 4.150 6.550 0.025 0.014 - 101.57
PI-Crest 36.53 0.279 19.87 0.000 32.33 1.673 1.717 8.330 0.000 0.008 - 100.73
PI-Crest 36.83 0.124 20.86 0.000 31.03 0.656 8.180 1.041 0.000 0.000 - 98.72
PI-Crest 36.93 0.220 20.01 0.091 32.82 1.601 1.662 8.560 0.000 0.000 - 101.89
PI-Crest 36.97 0.047 20.81 0.000 31.36 3.910 5.150 1.956 0.077 0.000 - 100.28
PI-Crest 36.97 0.068 21.20 0.000 31.17 0.590 7.970 1.011 0.000 0.011 - 98.99
PI-Crest 37.02 0.130 19.94 0.061 32.07 1.438 1.613 8.410 0.030 0.000 - 100.71
PI-Crest 37.07 0.000 20.74 0.000 31.15 4.080 5.030 1.778 0.070 0.020 - 99.94
PI-Crest 37.28 0.265 20.15 0.000 32.48 1.524 1.682 8.350 0.022 0.000 - 101.75
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Table B.3 (cont'd) Quantitative analysis of garnet used for ternary diagrams.
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
PI-Flank 37.57 0.000 21.09 0.000 30.43 3.420 4.870 2.588 0.034 0.009 - 100.02
PI-Flank 36.90 0.031 21.21 0.036 35.82 3.790 2.520 1.285 0.000 0.000 0.000 101.59
PI-Flank 37.82 0.061 20.78 0.007 31.48 1.278 3.150 7.080 0.035 0.003 0.050 101.74
PI-Flank 38.21 0.536 12.04 0.022 15.64 0.561 0.054 34.08 0.000 0.000 0.080 101.22
PI-Flank 37.66 0.173 20.61 0.206 30.24 1.656 4.070 6.660 0.085 0.000 - 101.37
PI-Flank 37.74 0.019 21.29 0.000 31.50 3.940 4.980 2.265 0.011 0.003 - 101.75
PI-Flank 37.88 0.031 21.28 0.045 30.50 3.710 4.930 2.563 0.000 0.000 - 100.94
PI-Flank 38.02 0.047 21.66 0.000 31.38 0.500 8.220 1.046 0.061 0.003 - 100.94
PI-Flank 38.18 0.060 21.69 0.397 30.84 0.706 8.360 1.041 0.091 0.000 - 101.36
PI-Flank 38.37 0.031 21.50 0.000 30.94 0.568 8.550 1.059 0.000 0.015 - 101.03
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Table B.4 Quantitative analysis of ilmenite used for ternary diagrams.
Oxide Weight Percent:
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
CR 0.037 50.280 0.030 0.055 50.580 0.713 0.121 0.009 0.038 0.000 0.000 101.86
CR 0.008 50.770 0.000 0.000 48.430 1.890 0.000 0.013 0.000 0.008 0.078 101.19
CR 0.010 45.720 0.234 0.053 51.420 0.385 2.770 0.025 0.070 0.000 0.020 100.70
CR 0.016 44.890 0.208 0.007 52.400 0.427 1.443 0.032 0.000 0.000 0.067 99.49
CR 0.028 50.220 0.030 0.047 48.810 1.364 0.000 0.027 0.049 0.003 0.074 100.65
CR 0.013 55.550 0.087 0.005 38.380 0.745 3.560 0.020 0.034 0.003 0.388 98.79
CR 0.009 36.220 0.040 0.049 61.830 0.922 0.898 0.031 0.024 0.000 0.081 100.11
CR 0.018 41.350 0.085 0.026 57.780 0.237 0.762 0.015 0.000 0.000 0.000 100.28
CP 0.101 51.830 1.282 0.000 30.130 15.650 0.065 0.389 0.000 0.004 0.068 99.51
CP 0.015 42.640 0.201 0.009 52.800 0.896 1.903 0.011 0.000 0.000 0.042 98.51
CP 0.022 53.440 0.129 0.000 46.060 1.592 0.080 0.037 0.000 0.000 0.000 101.36
CP 0.018 37.940 0.241 0.062 57.600 1.112 2.124 0.027 0.054 0.006 0.076 99.26
CP 0.000 52.150 0.012 0.000 48.970 1.109 0.098 0.017 0.000 0.002 0.000 102.36
CP 0.000 54.720 0.060 0.120 39.710 0.869 1.578 0.020 0.025 0.000 0.159 97.26
CP 0.002 46.710 0.079 0.000 53.270 0.504 0.674 0.032 0.005 0.003 0.003 101.28
CP 0.032 49.900 0.070 0.037 48.130 0.499 1.431 0.006 0.042 0.000 0.106 100.25
CP 0.006 50.760 0.065 0.042 48.260 0.536 1.482 0.003 0.010 0.000 0.213 101.37
CP 0.012 48.510 0.009 0.066 44.900 5.490 0.011 0.009 0.033 0.001 0.051 99.09
CP 0.000 49.580 0.019 0.027 46.170 5.470 0.000 0.000 0.000 0.011 0.000 101.28
CP 0.011 46.670 0.038 0.032 49.200 1.686 0.233 0.019 0.019 0.000 0.171 98.08
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Table B.4 (cont'd) Quantitative analysis of ilmenite used for ternary diagrams.
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
PI-Crest 0.023 48.930 0.035 0.045 41.730 7.720 0.115 0.027 0.020 0.008 0.035 98.68
PI-Crest 0.013 34.730 0.275 0.000 60.410 0.869 1.949 0.047 0.000 0.018 0.055 98.37
PI-Crest 0.184 47.790 6.040 0.128 45.490 0.531 0.342 0.058 0.005 0.000 0.000 100.56
PI-Crest 0.020 52.460 0.000 0.000 47.050 2.202 0.000 0.031 0.035 0.014 0.000 101.81
PI-Crest 0.030 52.370 0.026 0.019 45.890 1.407 0.480 0.029 0.011 0.005 0.147 100.42
PI-Crest 0.009 50.250 0.022 0.000 48.590 2.290 0.084 0.014 0.044 0.000 0.082 101.39
PI-Crest 0.018 50.810 0.020 0.001 47.970 1.008 0.056 0.002 0.000 0.000 0.000 99.88
PI-Crest 0.138 47.710 0.502 0.151 47.740 0.455 2.784 0.045 0.082 0.000 - 99.62
PI-Crest 0.006 49.680 0.055 0.002 51.180 0.615 0.139 0.001 0.000 0.009 0.150 101.83
PI-Crest 0.007 47.840 0.207 0.986 48.510 0.628 2.574 0.000 0.000 0.001 - 100.75
PI-Crest 0.043 52.690 0.096 0.000 47.040 1.754 0.029 0.028 0.000 0.009 0.000 101.69
PI-Crest 0.000 48.140 0.268 0.000 49.730 0.520 2.448 0.000 0.000 0.001 - 101.11
PI-Crest 0.024 55.170 0.025 0.033 42.040 1.585 0.212 0.041 0.000 0.005 0.000 99.13
PI-Crest 0.026 47.630 0.188 0.000 49.370 0.445 2.545 0.000 0.016 0.000 - 100.21
PI-Crest 0.042 48.060 0.245 0.003 49.400 0.487 2.389 0.035 0.000 0.002 - 100.67
PI-Crest 0.000 54.410 0.036 0.000 43.140 0.996 0.038 0.017 0.000 0.000 0.065 98.70
PI-Crest 0.009 50.710 0.058 0.004 45.860 3.770 0.046 0.014 0.004 0.000 0.091 100.57
PI-Flank 0.023 56.090 0.046 0.055 39.090 2.918 0.319 0.005 0.000 0.003 0.091 98.64
PI-Flank 0.009 52.120 0.003 0.011 44.580 3.770 0.047 0.000 0.007 0.000 0.000 100.54
PI-Flank 0.000 50.420 0.000 0.000 47.380 2.148 0.000 0.016 0.000 0.000 0.000 99.96
PI-Flank 0.007 32.600 0.217 0.045 63.210 1.131 0.988 0.015 0.000 0.001 0.092 98.31
PI-Flank 0.014 51.550 0.028 0.026 39.390 8.560 0.049 0.010 0.000 0.009 0.076 99.71
PI-Flank 0.030 51.720 0.025 0.010 48.310 0.595 0.223 0.000 0.130 0.000 0.000 101.05
PI-Flank 0.117 48.300 2.935 0.003 46.690 1.216 0.013 0.100 0.021 0.009 0.041 99.44
PI-Flank 0.008 52.580 0.024 0.000 43.450 4.020 0.065 0.012 0.031 0.001 0.112 100.30
67
Table B.5 Quantitative analysis of pyrobole used for ternary diagrams.
Oxide Weight Percent:
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
CR 47.73 0.9404 6.860 0.053 15.490 0.368 13.820 11.880 1.185 0.579 0.000 98.92
CR 49.91 0.6527 2.381 0.000 9.070 0.248 15.590 20.400 0.422 0.005 - 98.68
CR 49.46 0.6237 2.591 0.479 9.140 0.164 15.700 20.610 0.367 0.000 - 99.12
CR 49.59 0.6168 2.767 0.000 9.050 0.146 15.530 20.460 0.370 0.000 - 98.53
CR 43.95 0.7184 10.050 0.000 19.610 0.477 10.000 11.670 1.334 1.094 - 98.90
CR 43.56 0.8654 10.220 0.312 19.710 0.575 10.080 11.830 1.250 1.093 - 99.50
CP 50.4 0.7847 5.120 0.000 12.190 0.562 16.190 11.810 1.078 0.474 0.020 98.62
CP 43.43 2.0883 11.470 0.037 13.690 0.344 13.850 11.710 2.093 0.699 0.095 99.49
CP 52.44 0.3894 2.195 0.000 9.160 0.346 15.130 21.800 0.417 0.000 - 101.87
CP 53.35 0.1185 0.963 0.049 9.620 0.500 14.810 21.760 0.490 0.001 - 101.66
CP 52.67 0.1596 1.268 0.000 10.810 0.483 14.230 20.760 0.547 0.024 - 100.95
CP 51.91 0.3604 2.232 0.836 4.700 0.155 17.280 22.180 0.400 0.000 - 100.05
CP 44.55 1.0834 9.510 1.419 17.480 0.381 11.750 10.440 1.498 0.060 - 98.19
CP 39.8 0.4368 14.420 0.000 26.010 0.302 4.250 11.440 1.345 0.819 0.000 98.81
CP 41.48 1.8388 8.040 0.050 29.340 0.526 4.420 9.990 2.086 1.096 0.106 98.98
CP 52.13 0.5432 3.450 0.665 5.820 0.099 16.920 21.850 0.474 0.000 0.000 101.96
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Table B.5 (cont'd) Quantitative analysis of pyrobole used for ternary diagrams.
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
PI-Crest 42.05 0.4164 10.810 0.000 20.960 0.422 8.810 11.720 1.616 1.355 - 98.15
PI-Crest 42.27 0.5303 10.720 0.037 20.750 0.502 9.150 11.640 1.464 1.311 - 98.37
PI-Crest 43 0.6003 10.640 0.000 20.050 0.559 9.340 11.650 1.511 1.233 - 98.57
PI-Crest 45.69 1.5829 8.160 0.008 15.150 0.368 13.210 11.770 1.564 0.924 0.038 98.46
PI-Crest 43.06 0.4922 10.890 0.187 20.510 0.523 9.240 11.560 1.626 1.223 - 99.32
PI-Crest 41.96 0.4787 14.410 0.055 20.510 0.256 7.440 11.700 1.489 0.514 0.000 98.82
PI-Crest 43.7 1.8278 9.620 0.014 17.960 0.588 10.780 11.790 1.411 1.373 0.103 99.16
PI-Crest 45.51 0.6567 8.950 0.088 17.540 0.401 11.410 12.290 1.016 0.924 0.063 98.86
PI-Crest 42.58 0.9340 11.690 0.000 20.470 0.339 8.460 11.710 1.378 0.880 0.000 98.45
PI-Crest 44.97 1.2010 10.420 0.025 17.870 0.293 10.390 11.780 1.084 0.337 0.157 98.52
PI-Flank 56.06 0.0258 1.026 0.000 10.750 0.194 17.380 13.160 0.096 0.027 0.008 98.73
PI-Flank 45.43 2.3723 8.620 0.000 11.820 0.285 15.330 11.590 1.728 0.848 0.023 98.03
PI-Flank 54.45 0.0964 1.888 0.018 15.820 0.263 14.550 12.470 0.207 0.079 0.000 99.83
PI-Flank 44.73 1.0785 9.220 0.016 18.500 0.547 10.650 11.800 1.341 1.124 0.000 99.01
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Table B.6 Quantitative analysis of sphene used for ternary diagrams.
Oxide Weight Percent:
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
CR 30.54 36.86 2.011 0.000 0.663 0.006 0.000 29.110 0.000 0.000 0.000 99.19
CR 30.43 36.69 1.235 0.008 1.631 0.128 0.015 28.100 0.020 0.011 0.022 98.29
CP 30.26 36.61 2.037 0.015 2.719 0.015 0.201 27.820 0.000 0.029 0.038 99.74
CP 30.43 36.81 0.944 0.000 1.377 0.076 0.000 28.360 0.035 0.000 0.108 98.15
CP 30.42 36.89 1.226 0.041 1.260 0.159 0.023 28.450 0.000 0.003 0.131 98.60
PI-Crest 29.01 36.32 2.657 0.000 1.651 0.228 0.011 28.080 0.071 0.000 - 98.02
PI-Crest 29.14 37.01 1.746 0.222 1.369 0.150 0.002 28.440 0.000 0.002 - 98.08
PI-Crest 29.96 36.80 1.363 0.000 1.571 0.246 0.056 28.710 0.000 0.000 - 98.70
PI-Crest 30.28 36.63 1.343 0.000 1.418 0.136 0.043 28.420 0.035 0.011 - 98.32
PI-Flank 30.34 36.85 1.242 0.330 1.440 0.214 0.037 28.430 0.000 0.000 - 98.88
PI-Flank 30.35 37.45 1.256 0.000 1.074 0.189 0.000 29.020 0.014 0.000 - 99.36
PI-Flank 30.65 37.00 1.270 0.000 1.140 0.150 0.035 28.920 0.000 0.015 - 99.18
PI-Flank 30.67 37.51 1.210 0.104 1.136 0.157 0.000 28.800 0.042 0.000 - 99.64
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Table B.7 Quantitative analysis of spinel used for ternary diagrams.
Oxide Weight Percent:
Pt# SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O ZrO2 Total
CR 0 34.36 0.246 0.024 61.320 0.632 1.354 0.000 0.000 0.000 0.184 98.12
CP 0 30.13 0.463 0.088 65.290 0.221 1.782 0.020 0.077 0.000 0.082 98.15
PI- Crest 0.0166 37.69 0.274 0.026 57.840 0.958 2.022 0.004 0.000 0.000 0.167 98.99
PI- Crest 0.0192 39.37 0.303 0.000 54.660 1.343 3.300 0.037 0.003 0.002 0.150 99.19
PI- Flank 0.0517 48.73 0.014 0.000 51.580 0.412 0.670 0.011 0.056 0.015 0.000 101.55
PI- Flank 0.0189 47.83 0.004 0.057 51.640 0.514 0.106 0.000 0.045 0.000 0.000 100.22
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Table B.7 T-test results from grain size comparison. PI= Pecan Island,
CP= Sweet Bay Ridge, and CR= Cane Ridge.
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